We show that in Lactococcus lactis, the gene asnH encodes the asparagine synthase involved in amidation of D-Asp present in peptidoglycan side chains and crossbridges. The level of D-Asp amidation in peptidoglycan has a strong effect on the sensitivity of bacteria to endogenous autolysins and to the cationic antimicrobials nisin and lysozyme.
Derivative of pVE3916, carrying a 2,407-bp fragment of the MG1363 chromosome with the asnH gene under the control of its own promoter This study
FIG. 1. RP-HPLC separation of muropeptides from L. lactis MG1363 (A), the asnH-negative mutant (B)
, and the asnH-overexpressing strain (C). Peaks numbered on chromatograms were analyzed by MALDI-TOF MS. The muropeptide structures were assigned according to reference 4 and are listed in Table 2 . In panel C, peaks containing muropeptides with only Asn and no Asp are indicated with an asterisk. over SCO insertional inactivation, using a nonreplicative plasmid vector, pRV300, carrying an internal fragment of asnH under the control of the P 59 promoter (15) ( Table 1 ). The mutant was viable, indicating that the gene was not essential in L. lactis and that, in addition, the P 59 promoter allows expression of aslA and racD, the essential genes encoding aspartate ligase and aspartate racemase, which are located downstream from asnH (15) . To evaluate the D-Asp amidation level, PG was extracted and digested with mutanolysin, and the resulting muropeptides were separated by reversed-phase high-performance liquid chromatography (RP-HPLC) after reduction, as described previously (4, 9) . The muropeptide profile of the asnH mutant was found to be strikingly different from that of the wild-type MG1363 strain ( Fig. 1A and B) , with several peaks apparently missing from the asnH mutant chromatogram. The muropeptides separated by RP-HPLC with an ammonium phosphate buffer system were analyzed directly, without desalting, by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) as described previously (4) ( Table 2 ). In wild-type L. lactis MG1363, as already shown previously (4), PG contained both D-Asp and D-Asn in side chains and interpeptide crossbridges with 74% of D-Asn. In contrast, according to the MS results, no muropeptides with D-Asn were present in the asnH mutant ( Table 2 ). The structure of the main monomers of the asnH mutant chromatogram (Fig. 1B, peaks 5, 8 , and 9, containing muropeptides with m/z values of 963.36, 1,034.44, and 1,105.37, respectively) was further analyzed by tandem MS (MS-MS) with a MALDI Q-TOF mass spectrometer (Q/Star XL; Applied Biosystems). The mass spectra confirmed the presence of an Asp residue and the absence of Asn in these three monomers (Fig. 2 and data not shown) . Indeed, several ion frag- Complementation of the asnH mutant with a multicopy plasmid, pVE3916, containing the cloned asnH gene (Table 1) led to restoration of the Asn-containing muropeptides, confirming the asnH gene function (data not shown). Thus, we can conclude that asnH encodes the only asparagine synthase responsible for D-Asp amidation in L. lactis. In strain VES5609 (Table  1) , which overexpresses asnH due to amplification on a multicopy plasmid, Asn is present in 87% of the muropeptide side chains and crossbridges, compared to 74% in the wild-type strain ( Fig. 1C and Table 2 ).
It is noteworthy that a second putative glutamine-hydrolyzing asparagine synthase (EC 6.3.5.4), AsnB, which exhibits 28% sequence similarity with AsnH, is encoded by the L. lactis MG1363 genome sequence. Since mutation in asnH results in the complete absence of D-Asn in PG, we consider that asnB is not involved in D-Asp amidation and probably encodes the metabolic enzyme involved in L-Asn synthesis, like AsnB of Escherichia coli (12) and Bacillus subtilis (17) .
Influence of the PG D-Asp amidation level on L. lactis autolysis. To evaluate the involvement of D-Asp amidation in the autolytic potential of lactococci, we compared the autolysis of MG1363 and its derivative strains after transfer of bacteria in sodium phosphate buffer solution. As shown in Fig. 3 , the asnH mutant exhibited a higher autolysis rate than the wild-type strain MG1363. In contrast, the complemented mutant as well as the overexpressing strain exhibited a lower autolysis rate. The control MG1363 strain carrying an empty plasmid (VES4075) autolyzed at the same rate as MG1363. These results indicate that the autolysis rate in buffer solution decreased concomitantly to the increase of D-Asp amidation.
Increased resistance of the asnH mutant to nisin and lysozyme. It was previously shown that in gram-positive bacteria and in particular in L. lactis, the reduction of the cell wallnegative electric charges as a result of D-alanylation of teichoic acids leads to an increase in bacterial resistance to cationic antimicrobial peptides, such as nisin (6, 8, 10) .
We hypothesized that the increase of the D-Asp amidation level in PG would also decrease the number of negative charges inside the cell wall and thus modify the bacterial sensitivity to cationic antimicrobials. Therefore, we tested the resistance of the asnH mutant and of the overexpressing strain VES5609 to nisin and lysozyme. Culture dilutions of each strain were spotted on M17 medium plates containing 100 ng/ml of nisin or 250 g/ml of lysozyme. As shown in Fig. 4 , the asnH mutant was much more sensitive to both nisin and lysozyme than either the wild type or the overexpressing strain. asnH overexpression had no clear effect on the resistance to either compound, despite our results showing a moderate increase of D-Asp amidation (from 74 to 87%) (Fig. 1C) .
Concluding remarks. We have identified for the first time the gene asnH, encoding the asparagine synthase involved in amidation of D-Asp present in the interpeptide crossbridge of L. lactis PG. Homologous genes can be found by homology searches of several other gram-positive bacterial species which possess D-Asp in their crossbridges. In particular, we found a gene exhibiting 65% sequence identity with L. lactis asnH in Enterococcus faecium. Note that in contrast to what was found for L. lactis, this gene is not present in the same operon as the corresponding aspartate ligase gene in E. faecium (asl fm ) (1) .
Sequence analysis by SignalP (2) and TMMOD (7) indicates that AsnH contains neither a putative signal peptide nor a transmembrane segment, suggesting that AsnH is localized inside the bacterial cytoplasm and that this protein is most probably active on PG precursors.
We showed that in L. lactis, D-Asp amidation increases bacterial resistance to the activities of both endogenous autolysins and the cationic antimicrobials lysozyme and nisin. Bacterial killing by lysozyme is a major factor of the host innate immune   FIG. 3 . Autolysis of L. lactis MG1363 and its derivative strains in buffer solution. Cells were grown in M17 medium up to an optical density at 600 nm (OD 600 ) of 0.8, washed, resuspended at an OD 600 of 1 in 50 mM sodium phosphate (pH 7.0), and incubated at 30°C. Lysis of MG1363 (OE), the asnH mutant (f), the complemented strain (‚), the asnH-overexpressing strain VES5609 (Ⅺ), and the control strain with empty plasmid pVE3916 (E) was monitored by measuring the OD 600 decreases in the cell suspensions. The results shown are representative of three independent experiments.
FIG. 4.
Comparison of the lysozyme (LYS) and nisin (NIS) resistance levels of L. lactis MG1363 (WT), the control strain with empty plasmid pVE3916 (WT/pVE3916), the asnH mutant, and the asnH-overexpressing strain VES5609. system, used by neutrophils, monocytes, macrophages, and epithelial cells (3) . Since some gram-positive bacterial pathogens (such as E. faecium) appear to carry AsnH homologs and possess D-Asp in their PG crossbridges, our results may thus provide insight into the role of D-Asp amidation in host defense during infection.
